T cells play fundamental roles in adaptive immunity, relying on a diverse repertoire of T-cell receptor (TCR) α and β chains. Diversity of the TCR β chain is generated in part by a random yet intrinsically biased combinatorial rearrangement of variable (Vβ), diversity (Dβ), and joining (Jβ) gene segments. The mechanisms that determine biases in gene segment use remain unclear. Here we show, using a high-throughput TCR sequencing approach, that a physical model of chromatin conformation at the DJβ genomic locus explains more than 80% of the biases in Jβ use that we measured in murine T cells. This model also predicts correctly how differences in intersegment genomic distances between humans and mice translate into differences in Jβ bias between TCR repertoires of these two species. As a consequence of these structural and other biases, TCR sequences are produced with different a priori frequencies, thus affecting their probability of becoming public TCRs that are shared among individuals. Surprisingly, we find that many more TCR sequences are shared among all five mice we studied than among only subgroups of three or four mice. We derive a necessary mathematical condition explaining this finding, which indicates that the TCR repertoire contains a core set of receptor sequences that are highly abundant among individuals, if their a priori probability of being produced by the recombination process is higher than a defined threshold. Our results provide evidence for an expanded role of chromatin conformation in VDJ rearrangement, from control of gene accessibility to precise determination of gene segment use.
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lymphocyte receptor repertoires | public T-cell clones | VDJ recombination | epigenetics | next generation sequencing A large diversity of T-cell receptor (TCR) αβ chains is essential for reliable antigen recognition and for proper functioning of the adaptive immune system (1, 2) . The TCR interacts with a wide array of antigens bound to major histocompatibility complex (MHC) molecules displayed on the surface of cells (2) . TCR diversity is generated by random rearrangement of the variable (Vα) and joining (Jα), and the variable (Vβ), diversity (Dβ), and joining (Jβ), gene segments of the TCR α and β chains, respectively (1) (SI Appendix, Fig. S1A ). Diversity is further increased by nucleotide insertions and deletions at the junctions between pairs of rearranging genes, forming the highly variable complementarity determining region 3 (CDR3) that is directly implicated in antigen recognition. These processes result in a huge potential TCR diversity, with as many as 10 15 distinct clonotypes estimated to be realizable in the mouse TCR αβ repertoire (2) .
Many studies published over the past 20 y indicate that the TCR repertoire is biased-i.e., not all potential sequences are found with the same probability. These biases can stem from properties of the gene rearrangement process, as well as from thymic selection and the expansion of T-cell clones. Here, we focus on biases that result from the gene rearrangement process, in which different TCR sequences are produced with different a priori probabilities. In general, bias in TCR sequences is evident in the unequal frequencies of gene segments observed, and also in the biased number of nucleotides inserted/deleted at junction regions. This bias leads to characteristic Gaussian distributions of CDR3 region lengths (3) . In addition, many TCR sequences can be produced in different ways, both through different recombination events and through convergence of different rearranged nucleotide sequences to the same encoded amino acid sequence (4) . These processes, collectively termed "convergent recombination" (4), further contribute to increased a priori probabilities of producing specific TCR sequences. The mechanistic rules controlling these biases in TCR production frequency are still largely unknown (5) . Understanding of such rules can be advanced by analyzing larger datasets to obtain better statistics on the structure of repertoires, and also by comparing repertoires of different individuals. Such interindividual comparisons can help to distinguish between general features of repertoire structure, such as those generated by biases in gene rearrangement, and those features that are specific to individuals due to their own immune history. This reasoning led us to use highthroughput sequencing to map the TCR β chain (TCRB) repertoire of a number of individual inbred mice, to better understand biases in gene rearrangement and investigate the potential mechanisms that generate these biases.
Inbred mouse strains can serve as useful models for studying biases in the gene rearrangement process of lymphocyte receptors, while controlling for effects of other factors that shape the repertoire. First, identical genetic backgrounds ensure that all individual mice are homozygous for identical VDJ gene alleles and are thus easier to compare. Moreover, because all individuals have the same MHC alleles, thymic selection is also expected to have similar effects on the repertoires of different individuals. Second, using young mice that grow in clean conditions reduces effects of exposure to infections on the structure of the repertoire. Finally, it is possible to obtain a large number of lymphocytes, which allows for sorting of subpopulations such as CD4 + or CD8 + T cells, thus obtaining results that are less affected by potential differences in the repertoires of those different cell subpopulations.
The recent emergence of high-throughput sequencing technologies has revolutionized the analysis of lymphocyte repertoires. While traditional methods for assessment of the T-cell repertoire, such as spectratyping and Sanger sequencing (3, 6) , provide only limited information about variable CDR3 length and diversity, these new high-throughput methods enable parallel sequencing of millions of short DNA sequences (7), providing a unique opportunity to map immune repertoires at a very high resolution (8) . Deep sequencing technologies have already been applied to study antibody repertoires (8, 9) and, more recently, to define the full spectrum of β chains found in both the naïve and the antigen-experienced human T-cell repertoires (10-13).
Here, we describe our development and application of an experimental and computational approach for characterizing the TCR repertoire based on massively parallel sequencing (TCRseq). Using this approach, we mapped with high resolution the TCRB repertoires of individual C57BL/6 mice, aiming to reveal general organizing principles that affect repertoire biases.
Results
Biases in Gene Segment Use Are Similar Between Individual Inbred Mice. We developed an affordable experimental and computational TCR-seq approach (SI Appendix, Fig. S1 B and C; Methods) for characterizing the TCR repertoire. We applied this approach to sequence the rearranged TCRB CDR3 region of splenic CD4
+ and CD8 + T cells of seven individual C57BL/6 mice, and obtained ∼10 7 total sequence reads, ∼4 × 10 5 of which we defined as unique T-cell clonotypes (SI Appendix, Table S1 and Methods). As we look for biases in the rearrangement process itself, we analyzed both unique in-frame ("selected") and unique out-of-frame ("unselected") clonotype sequences. The latter sequences contain one or more projected stop codons within their Vβ/Dβ/Jβ sequence, and are likely to represent failed rearrangements in a cell that had successfully rearranged the second TCRB allele (14) . The frequency of clonotypes containing a stop codon is ∼2% in our data (excluding sequences with Vβ17, which has a stop codon in its germline sequence in this mouse strain) (15, 16) . This value is within the range of stop codon-containing TCRB transcripts measured in recent studies of human TCRB repertoires by means of high-throughput sequencing (11, 13) . Thus, these out-of-frame sequences are assumed to represent the original landscape of rearranged CDR3 regions, without biases due to thymic selection (15, 16) . Analysis of unique sequences (regardless of their copy number) minimizes effects of clonal expansion on repertoire statistics.
We start by analyzing the frequencies of individual Vβ and Jβ genes measured in CD4 + T cells. We find that the frequencies measured in selected clonotypes from different mice are very similar ( Fig. 1 A-C) , suggesting that these frequencies might be determined by common organizing principles. Similarity in Vβ and Jβ gene frequencies between individuals was also observed in previous analyses of human T cells (12, 13) . We further characterize common biases in gene use found in our data. We find that the measured gene frequencies vary widely. For example, several genes (e.g., Vβ18) appear in <0.5% of unique clonotypes, whereas others (e.g., Vβ10) appear in >5% (Fig. 1 A and B) . Focusing on the use of Jβ genes, we find that segments belonging to the first DJCβ cluster (Jβ 1.1-1.7) rearrange with Dβ1 34 ± 8 times more frequently than with Dβ2, whereas Jβ segments from the second DJCβ cluster (Jβ 2.1-2.7) rearrange only slightly less often with Dβ1 than with Dβ2. A similar pattern of Jβ use is also observed in unselected clonotypes. The "unconventional" pairings between Jβ 1.1-1.7 and Dβ2 were previously observed using both standard Sanger sequencing (17) and high-throughput sequencing of human T cells (12) (SI Appendix, SI Text, section 1). Thus, the frequencies of individual Vβ and Jβ genes are highly biased, as are the frequencies of Dβ-Jβ pairs.
Because the gene segment frequencies we measured were mostly based on short reads (of lengths 40 nt for datasets M1-M4 and M6-M8, and 80 nt for M5), we evaluated their accuracy using a simulated dataset of 10 5 TCRB sequences, with characteristics similar to our experimental data (SI Appendix, SI Text, section 4). The simulation results indicate that our measured Jβ frequencies are very accurate for both read lengths, whereas the Table S2 ). Overall, these results suggest that our TCR-seq analysis quantifies very accurately Jβ frequencies, and it also provides good estimates of Vβ frequencies, with few exceptions.
The unprecedented resolution offered by TCR-seq allows for characterization of additional, less well understood features of the murine TCR repertoire. In particular, we analyzed the codistribution of Vβ and Jβ genes in unique clonotypes. We find that the frequencies of Vβ-Jβ pairs vary widely, with some pairs appearing ∼1,000× more frequently than others (Fig. 1D) . Interestingly, the probability of finding a particular Vβ-Jβ pair is not significantly different from the probability calculated for this pair by assuming that Vβ and Jβ frequencies are independent; this holds for both selected ( Fig. 1D ; P = 0.62, Wilcoxon signed-rank test) and unselected (SI Appendix, Fig. S6A ; P = 0.67, Wilcoxon signed-rank test) clonotypes. This observation suggests strongly that Vβ and Jβ frequencies are statistically independent, and is consistent with previous results showing similar Jβ frequencies in murine splenic T cells carrying a subset of different Vβ genes (19) . The observed independence requires that the frequency of a particular Vβ paired with Dβ1 is not significantly different from the frequency of the same Vβ paired with Dβ2, which is supported by our data (SI Appendix, Fig. S6B ; P = 0.06, Wilcoxon signed-rank test). Importantly, the fact that we can predict accurately the frequencies of all 299 possible Vβ-Jβ pairs using only the 36 individual Vβ and Jβ frequencies (Fig. 1D) indicates that the TCR Vβ-Jβ repertoire is much less complex than expected.
Mechanical Model of Chromatin Explains Observed Biases in Jβ-Dβ
Pairing. Biases in Vβ/Jβ gene use have important implications for the effectiveness of T-cell-mediated immunity (5, 20, 21) . Our finding that gene use biases measured in different mice are very similar ( Fig. 1 A-C) prompted us to investigate common organizing principles of those biases. Previous work suggested that the degree of sequence conservation of recombination signal sequences (RSSs) flanking individual TCR gene segments is correlated qualitatively with frequencies of murine Jβ genes (22) , and quantitatively with rearrangement frequencies for extrachromosomal recombination substrates (23, 24) . However, accurate quantitative prediction of rearrangement frequencies for chromosomal receptor genes, as observed in vivo, has not previously been possible. Examination of our sequencing data revealed a regular pattern relating frequencies of Dβ-Jβ gene pairs and the genomic distance between them. We hypothesized that mechanical properties of chromatin can generate the observed pattern by modulating the frequencies of random encounters between pairs of rearranging Dβ and Jβ genes. We tested this hypothesis by fitting to the measured Dβ-Jβ frequencies a biophysical model that was previously used to describe chromatin conformation of a yeast chromosome (25) (Methods). The model quantifies the expected frequency of interactions between a given pair of Dβ and Jβ genes based on the genomic distance between those genes. The model describes chromatin as a self-avoiding polymer that may be constrained in space into a curved shape. It contains two free parameters corresponding to the flexibility (or persistence length) of the chromatin and the radius of its constrained curvature. We applied this model to the genomic region spanning Dβ1 and Jβ2.7, and evaluated the best-fit flexibility and curvature parameters to the measured Dβ-Jβ pairing frequencies. Strikingly, we find that the model explains 83% (P = 0.01, permutation test) of the biases in average Jβ frequencies found in unselected clonotypes (Fig. 2A) . The predictive accuracy of the model is not sensitive to the particular copy-number cutoffs used for defining clonotypes (SI Appendix, Fig. S7 ). The mechanical model fits the data much better than a genetic model (23, 24, 26) that is based on sequence conservation of RSSs flanking individual Jβ genes (SI Appendix, Fig. S8A) .
The model fit suggests that during rearrangement, the chromatin found at the Dβ1-Jβ2.7 genomic region is highly flexible, with an apparent persistence length of ∼20 nm or below (SI Appendix, SI Text, section 2). A highly flexible structure is consistent with reported extensive remodeling of chromatin at this genomic region during rearrangement, by protein factors such as switch/sucrose nonfermentable protein complex (SWI/SNF) (27) and high-mobility group proteins (HMG) (28) . The latter protein had been shown to decrease greatly the persistence length of naked DNA, from ∼50 nm to only ∼5 nm (29) . Additionally, the model predicts that the Dβ1-Jβ2.7 genomic region is constrained in a curved conformation during rearrangement such that the frequency of random encounters between pairs of Dβ-Jβ genes is maximal at both small and large genomic distances (∼340 bp and ∼10,500 bp, respectively, for the fitted parameters; SI Appendix, SI Text, section 2). The model also predicts correctly the distinct Table S7 ) and theoretical frequencies computed by applying the biophysical model, with parameter values given in A, to human Dβ-Jβ RSS distances (SI Appendix, Table S8 ).
pattern of pairing of the first and second DJCβ clusters that was described previously.
Applying this model to the Vβ region does not provide a good fit. We assume that this is due to the much longer genomic region spanned by Vβ genes (SI Appendix, Fig. S1A ), which may be constrained into a more complex structure, potentially containing several loops (30, 31) . Prediction of such a multiloop structure requires an extension of the biophysical model, and potentially more data to constrain it. However, the general assumptions of the model suggest that the rates of primary rearrangement between the same Vβ and the two different Dβs will be similar: because the Vβ-Dβ genomic distance is substantially larger than the Dβ1-Dβ2 distance, the distance of any Vβ segment to Dβ1 is not substantially different from its distance to Dβ2, and the model thus predicts a similar rearrangement rate. This provides a plausible mechanistic basis for the observed independence between Vβ and Jβ frequencies (Fig. 1D) .
Interestingly, the Jβ frequencies that we measured are highly similar between selected and unselected CD4
+ unique clonotypes (SI Appendix, Fig. S9A ), and also between selected CD4 + and CD8
+ unique clonotypes (SI Appendix, Fig. S9B ). Consequently, the biophysical model provides an explanation also for Jβ frequencies measured in selected CD4 + (Fig. 2B ) and CD8 + clonotypes (SI Appendix, Table S5 ). These findings suggest that biases in Jβ gene use that occur during genomic rearrangement are preserved in the peripheral foreign antigen-inexperienced Tcell repertoire, and are largely unaffected by thymic selection and homeostatic clonal expansion.
Differences in TCR Jβ Gene Frequencies Between Humans and Mice
Can Be Explained by the Chromatin Conformation Model. Distances between Dβ and Jβ gene segments generally differ between species ( Fig. 2 C and D) . Our model suggests that such differences will translate into variation in Jβ frequencies. We tested this prediction using previously published frequencies of TCR Jβ genes measured in human blood (10, 11) . As in our data, the human data also shows similarity in Jβ biases between individuals and between T-cell subsets. However, there are differences in Jβ frequencies between humans and mice, especially in the second DJCβ cluster. To minimize overfitting, we applied the model to the human Dβ1-Jβ2.7 genomic region using estimates for the two model parameters, chromatin flexibility and curvature, obtained for the mouse data. Remarkably, the model explains 69% (P = 0.01, permutation test) of the variation in the human data (Fig.  2E) , despite the fact that it was parameterized using the mouse data. In particular, the model provides a mechanistic explanation for the different pattern of Jβ 2.1-2.7 frequencies found between the two species. In contrast, a genetic model based on sequence conservation of RSSs (23, 24, 26) for individual human Jβ genes cannot explain the human data (SI Appendix, Fig. S8B ). Together, the results presented above provide strong evidence that chromatin conformation determines biases in Jβ gene use, in both mice and humans.
Model for TCR Sharing Based on Biased Production Frequencies
Predicts a Threshold for Public TCR Sequences. Our data allows for analysis of the level of sequence sharing among the five individual mice for which we obtained CD4 + TCR sequences. Surprisingly, we find that many more TCRB amino acid sequences are shared among all five mice than among only subsets of either three or four mice (Fig. 3 A and B, SI Appendix, Fig. S10 , and Methods). This trend is evident for both selected and unselected TCR amino acid sequences. We also observe that the highly shared sequences use preferentially the Jβ (Fig. 3C) and Vβ (SI Appendix, Fig. S11 ) gene segments that are most frequent in the repertoire.
Next, we checked whether the observed pattern of sharing can be explained as a result of biases in the frequencies at which the highly shared sequences are produced. Thus, we applied a probabilistic model to link those frequencies to patterns of TCR sequence sharing (SI Appendix, SI Text, section 3). Assuming that each sequence has an a priori probability, f, of being made, the model predicts that there is a threshold probability above which a sequence is more likely to be shared among all individuals in a group than being exclusive to any particular subgroup (Fig.  3D ). This threshold probability is given by
where N is the total number of sequences found in each individual. For a large value of N, the threshold level is well approximated by
For a hypothetical unbiased repertoire of size much larger than N, the a priori production probability of all sequences will be below threshold, resulting in a vanishingly small probability of sharing. Biases, such as those introduced by chromatin conformation, and also by other factors discussed above, can cumulatively increase f of specific sequences above threshold, making those particular sequences more likely to be public. We show this predicted trend by comparing the calculated sharing probability of sequences that are found below and above the publicness threshold, f T (Fig. 3D) . For a sequence with a priori frequency f that is below threshold (Fig. 3D , black line), the probability of sharing declines with increasing subgroup size. This sequence is more likely to be private to one mouse than to be shared by two or more mice. However, a sequence with an a priori frequency that is above threshold (Fig. 3D , blue line) is more likely to be shared by the entire group of five individuals than by any smaller subset. Hence, the pattern of amino acid TCR sequence sharing (both selected and unselected) that we observe in our data ( Fig.  3 A and B and SI Appendix, Fig. S10 ) is consistent with the existence of a significant number of sequences whose a priori production frequencies are above the defined threshold.
Discussion
An earlier perspective on the structure of lymphocyte receptor repertoires held that the repertoires are primarily unbiased with respect to the frequencies of receptor genes (reviewed in ref. 32) , and that significant biases in those frequencies are mainly due to lymphocyte selection and clonal expansion. However, recent work has shown that TCRB gene segment frequencies are substantially biased even in the primary TCRB repertoire, before Tcell selection (32, 33) . Focusing on frequencies of Dβ-Jβ pairing, our results indicate a general mechanism that shapes biases in gene segment use. The model shows how biases in Jβ gene use can emerge naturally from differences in the degree to which chromatin conformation constrains rearrangement rates between different pairs of genes, according to the genomic distances between them. Previous work (23, 24) showed that rearrangement frequencies for synthetic sequence constructs representing simplified models of lymphocyte receptor loci can be predicted accurately based on the degree of sequence similarity between individual RSSs found in those constructs and physiological RSSs found in mice. However, this approach cannot explain rearrangement frequencies for receptor genes measured in vivo, as we demonstrated in this work (SI Appendix, Fig. S8 ). By introducing a very different approach for explaining gene rearrangement frequencies, we showed that chromatin conformation determines a substantial proportion of the biases in Jβ gene use measured in both mice and humans (Fig. 2 A, B , and E). Our approach is general, relying only on chromatin conformation at genomic loci for receptor genes of interest, and it is therefore applicable also to other loci. It will be interesting to assess the extent to which chromatin conformation explains biases in gene segment use in other rearranged receptors such as the TCR α, or the Ig heavy and light chains. The ability of chromatin conformation to explain rearrangement frequencies at these other receptor loci will depend on the magnitude of the contributions from other factors (1, 23, 24, 27, 28, (34) (35) (36) (37) that influence the rearrangement process. In particular, the demonstrated effect of chromatin conformation on gene segment use is potentially further modulated by cis-acting elements such as RSSs (1, 23, 24, 34) , coding ends of genes (35) , Vβ/Dβ promoters (34) , and other molecular factors that regulate the accessibility of individual genes to enzymes involved in VDJ rearrangement (27, 28, 36, 37) . Additionally, gene segment use may be further modulated by thymic selection, homeostatic T-cell expansion in peripheral lymphoid organs, and clonal expansion during specific immune responses (38) . However, thymic selection has only a weak effect on Jβ gene use, as evidenced by the high correlation in Jβ frequencies that we found between selected and unselected T-cell clonotypes (SI Appendix, Fig. S9A ). Moreover, we found that Jβ frequencies are highly similar between selected CD4
+ and CD8 + T-cell clonotypes (SI Appendix, Fig. S9B ), despite the fact that thymic selection of these clonotypes depends on interactions with class II vs. class I MHC molecules, respectively. Together, these findings support a picture in which biases in Jβ gene use are mostly determined during VDJ rearrangement, by chromatin conformation at rearranging genomic loci.
The mechanical model could not predict measured Vβ frequencies based on chromatin conformation; this could be due to stronger modifying effects of thymic selection and other factors, as discussed above, on Vβ gene use. However, the longer Vβ region may be constrained during rearrangement into several loops, and may still be explained by an extended version of the mechanical model for chromatin. Support for this view comes from chromosome conformation capture experiments that show contraction of the TCRB locus in double-negative thymocytes (30) . The results of these experiments suggest that the two long regions in the locus devoid of Vβ genes are "looped out" and thus located away from the DJβ domain, whereas areas that contain Vβ genes tend to be closer to this domain.
A recent review summarizes a large number of studies in which public TCR clones were identified among individuals, in humans, other primates, and mice (32) . Most of these studies were based on identification and sequencing of antigen-specific clones. Recently, a high-throughput study of TCR sequences of a specific Vβ-Jβ pair in humans provided evidence for roles of convergent recombination in enhancing sequence publicness in an unbiased way (39) . However, because a single Vβ-Jβ combination was studied, effects of biases in gene use could not be investigated in that study (39) . Mapping of the entire spectrum of Vβ-Dβ-Jβ combinations allowed us to gain a wider view of the effects of biases in the rearrangement process on TCR sequence sharing. Biases in the rearrangement process and in the convergence of different TCR nucleotide sequences to the same amino acid sequence (4, 32) determine the a priori probability f that each TCR amino acid sequence will be produced. This a priori probability in turn largely determines which sequences are intrinsically "public," meaning that they are more likely to be produced in multiple individuals than in fewer individuals. However, the precise relationship between f and sequence publicness had not previously been determined. Our data for sequence sharing motivated us to derive a mathematical expression for a threshold value for f, above which a particular sequence will be public, and below which it will be private (SI Appendix, SI Text, section 3). This threshold value is inversely proportional to the total number of sequences sampled from each individual. Indeed, the fraction of sequences shared among all five mice grows with sample size as predicted by the model, whereas the fraction of sequences shared by subgroups becomes saturated (SI Appendix, Fig. S12 ). The existence of this well-defined threshold governing the distinction between private and public sequences means that even a small change in f, e.g., due to a corresponding change in the relative rearrangement frequency of a particular gene, can alter systematically sharing patterns for sequences whose f values are close to the threshold.
Finally, we would like to suggest that the identified mechanism by which the genomic distance between gene segments affects their probability for recombination could be harnessed in productive ways, linking genetic changes to beneficial variation of repertoire structure on evolutionary time scales. An intriguing possibility is that genetic changes such as insertions or deletions in noncoding regions, as well as deletions or duplications of genes (40) , could change distances between VDJ gene segments, thus altering their frequencies in the repertoire. Such changes can in turn tune the composition of the set of public clonotypes in accordance with threats posed by common pathogens, and potentially also with evolving needs for self-maintenance (41, 42) .
Methods
Additional details can be found in SI Appendix.
Library Construction and Sequencing. Library construction protocol is schematically described in SI Appendix, Fig. S1B . Total RNA was extracted from splenic T cells of C57BL/6 mice and reverse transcribed using a TCR Cβ-specific primer linked to the 3′-end Illumina sequencing adapter. cDNA was used as template for high-fidelity PCR amplification (18 cycles) using the Cβ primer and a set of 23 Vβ primers. Each Vβ-specific primer was anchored to M1  M2  M1  M3  M1  M4  M1  M5  M2  M3  M2  M4  M2  M5  M3  M4  M3  M5  M4  M5   M1  M2  M3   M1  M2  M4   M1  M2  M5   M1  M3  M4   M1  M3  M5   M1  M4  M5   M2  M3  M4   M2  M3  M5   M2  M4  M5   M3  M4  M5   M1  M2  M3  M4   M1  M2  M3  M5   M1  M2  M4  M5   M1  M3  M4  M5   M2  M3  M4  M5   M1  M2  M3  M4  M5   M1  M2  M1  M3  M1  M4  M1  M5  M2  M3  M2  M4  M2  M5  M3  M4  M3  M5  M4 A C D B Fig. 3 . Biases in the repertoire affect patterns of sequence sharing. (A and B) Measured number of (A) selected and (B) unselected amino acid (AA) sequences shared among different subgroups of five mice (M1-M5). In each subplot, circle area is proportional to the number of shared sequences of 1.5 × 10 4 (A) and 2 × 10 3 (B) unique sequences sampled randomly of the total clonotypes obtained for each mouse. Notably, the number of selected sequences shared among all five mice (public) is larger than that shared by any subset of three or four mice. (C) The enrichment for each Jβ gene (its frequency in the selected public clonotype subset divided by its frequency in all selected clonotypes) is plotted against the corresponding Jβ frequency in all selected clonotypes. (D) The probability that in a group of five individuals a sequence will be shared among only a particular subgroup of the indicated size is shown for two sequences: one (black) with a priori production frequency f that is lower than the threshold frequency determining sequence publicness f T (defined in the text), and the other (blue) with f > f T . The probability was calculated using SI Appendix, Eq. S28, with n = 10 5 . Sharing probability decreases with group size for f < f T , but increases with group size for f > f T .
a restriction site sequence for a restriction enzyme (AcuI) that we used to cleave part of the primer sequence, such that sequencing starts closer to the Vβ-Dβ junction region; this allows for good coverage of CDR3 with a single Illumina read. This step was followed by ligation of the Illumina 5′ adapter, which was linked to a 3-bp barcode sequence in its 3′ end, and a second round of PCR amplification (24 cycles) using primers for the 5′ and 3′ Illumina adapters. Final PCR products were gel purified and sequenced using Genome Analyzer II (Illumina).
Processing and Characterization of TCR Sequences. The analysis pipeline is schematically described in SI Appendix, Fig. S1C . Sequencing reads were quality filtered (Q value ≥20) and assigned germline Vβ/Jβ gene segments (18) , using the following threshold alignment lengths (determined by a permutation analysis; SI Appendix, Fig. S13 ): for datasets M1-M4 and M7-M8 (40-nt reads): 11 nt for Vβ, 9 nt for Jβ. For M5 (80-nt reads): 12 nt for Vβ, 11 nt for Jβ. Assigned reads were clustered to reduce effects of sequencing errors. Cluster sequences were translated, and those containing a stop codon were designated as "unselected" and the rest as "selected." For some clusters, we could also assign a Dβ gene, requiring a perfect match of length >6 nt, because of the high similarity between the two germline Dβ genes (18) . Cluster sizes were corrected for PCR amplification bias using a new probabilistic method applied to a synthetic library of 79 cloned TCRs (representing all 23 Vβ segments), which was sequenced and processed in parallel with our experimental libraries (SI Appendix, SI Methods). To increase the signal-tonoise ratio of our data, we analyzed cluster sequences (called clonotypes) that have an enzymatic cleavage error of ≤2 nt, and a bias-corrected cluster size of ≥5.
Biophysical Model for Gene Rearrangement Frequency. We adapted a previously published model (25) Table S4 ), K is a normalization constant, and both b (in nm) and c (in bp) are free parameters. We fit the model to measured Dβ-Jβ frequencies by means of simulated annealing (43) followed by gradient descent. See SI Appendix, SI Text, section 2, for additional information.
Sequence Sharing Analysis. For analysis of selected (unselected) sequences, we sampled randomly 15,000 (2,000) unique amino acid sequences from each dataset (M1-M5), where the chance of selection is proportional to the number of times each amino acid sequence appears in the dataset. This method allows for analysis of sharing between datasets of different sizes, providing a direct comparison of data and model, which is based on the a priori frequency of generating unique sequences (SI Appendix, SI Text, section 3).
